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Describe the invention, with the following points: 

a. General purpose of invention; 

The general purpose of the invention is the nondestructive evaluation of thin films and coating materials to determine the 
mechanical and thermal properties of these materials, thickness, or to identify flaws or defects in material structures. 

b. Technical description of invention; 

The laser-based ultrasonic system uses a high frequency modulated laser diode source which is amplified using a fiber optic 
amplifier to generate narrow-band acoustic waves in materials at frequencies up to tens of GHz or more. The generation 
frequency is scanned through the frequency range of interest and the signals are detected using a standard interferometry system 
coupled to a sensitive lock-in detection scheme. The signals may then be processed in the frequency domain or time domain 
signals may be reconstructed from the measured magnitude and phase signals, allowing for time domain "gating" to identify the 
acoustic modes or arrivals of interest. The latter approach is beneficial in cases where the vibrational modes of the entire structure 
under inspection contribute to the background noise of the detection system The physical properties of the micro- or nanoscale 
structure (ie. thin films) are determined through analysis of the measured acoustic data. The system as described above can also 
be used for high sensitivity evaluation of thermal properties of micro- and nanoscale materials. 



c. Advantages and improvements over existing methods, devices or materials; 

The modulated laser based film inspection system has extremely high sensitivity due to the narrow bandwidth over which the 
measurements are made. This is a substantial improvement over existing systems which use pulsed laser sources. The 
improvements in sensitivity also allow for film measurements to be made with lower incident power and thus with lower heating 
of the target material and less chance of target material damage. In addition, GHz modulated laser sources are substantially less 
expensive and more compact then femtosecond sources used in existing systems. 



d. Possible variations and modifications; 



e. Features believed to be new; 

The system provides unprecedented sensitivity through the use of a lock-in detection scheme. The characterization of micro- and 
nanoscale materials requires high frequency acoustic wave generation and this has been accomplished in existing systems through 
the use of picosecond or femtosecond laser sources. Several existing patents cover these areas. This system uses a low power GHz 
modulated laser source to generate low amplitude (femtometer) acoustic waves. In the proposed system, the bandwidth can be 
reduced simply by increasing the time constant on the lock-in allowing us to control the signal to noise ratio. The system uses low 
power (compared to pulsed systems) laser sources which lead to very little surface heating thus limiting the chance of thermally 
induced changes in the sample surface during the inspection procedure. The ability to reconstruct the time domain waveforms to 
obtain data similar to that obtained using pulsed systems allows for time gating of the desired acoustic mode. 



f. Close or related patents (if known); 



g. Problem solved (if applicable); 



h. Possible uses of invention ; 

Determining the physical and mechanical properties of micro- and nanoscale systems, defect detection, thermal characterization. 



i. Disadvantages or limitations; 



i. Non confidential description; 

A novel technique has been developed to measure the physical and mechanical properties of micro* and nanoscale systems in a 
non-contact and nondestructive manner using laser sources. 
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Addition Details for BU disclosure/Patent Application 
Todd Murray 

Title: 

EJevice and Method for High Sensitivity Laser Ultrasonic Characterization off Micro- and 
Nanoscale Materials 

■ 

Conventional laser ultrasonic techniques for the characterization of micro and nanoscale 
structures (including films and coatings) use pulsed laser sources for the generation of acoustic 
waves [1-3]. Short laser pulses from femtosecond and picosecond lasers have high peak powers 
and generate broad-bandwidth acoustic waves. In this disclosure, a new technique for acoustic 
microscopy using high frequency modulated continuous wave (CW) laser sources is presented. 
This technique is suitable for: 

a) Generation and detection of acoustic waves in films and coating materials for 
nondestructive evaluation and determination of physical and mechanical properties. 

b) Generation and detection of resonant vibrations in nanometer electromechanical systems 
(NEMs) and micro-electromechanical systems (MEMs) for nondestructive evaluation and 
determination of mechanical properties. Examples include NEMs and MEMs components 
such as cantilever beams and membranes. 

c) Generation and detection of acoustic waves in macroscopic systems for nondestructive 
evaluation and determination of physical and mechanical properties. Applications also 
include the detection of subsurface or surface breaking cracks, and the detection of 
subsurface voids or disbands. 



Recent developments in laser technology, geared primarily for the telecom sector, have resulted 
in electro-absorption modulated DFB diode laser sources that can be amplitude modulated at 
frequencies approaching 40GHz. In addition, erbium doped fiber amplifiers are available to 
amplify the output of these lasers. It is noted that these components are relatively inexpensive, 
especially when compared to femtosecond and 
picosecond solid state laser systems. The result is high 
power laser sources that can be modulated at GHz 
frequencies. A new technology for acoustic microscopy 
has been developed which makes use of these lasers to 
develop a high resolution CW photoacoustic 
microscopy system with the potential to operate at 
frequencies approaching 40 GHz. 



The reasons for exploring photoacoustic microscopy 
using a CW laser source are twofold. First, it is 
expected that the signal-to-noise ratio of a CW system 
will be significantly improved over that of a pulsed 
system in a nuumber of cases. Next, it is possible to 
resonantly excite small scale structures such as 
coatings, membranes, beams used in MEMs 
applications using a CW laser source to evaluate their 
mechanical properties. Consider that for therm oelastic 
generation of acoustic waves, there exists some 
temperature (typically taken as the melting point) 
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Figure 1 . Acoustic response of an aluminum half- 
space showing S AWs generated using CW and pulsed 
laser sources. The laser sources produce the same 
maximum surface temperature in the sample. 



that the sample surface is kept below in order to avoid damage or ablation. For a given laser pulse 
shape, this limits the maximum allowable absorbed power density at the surface. Laser heating 
with a Sns Gaussian laser pulse is compared with that produced by a 60 MHz CW laser source. 
The laser spot size is taken as 3jim. It is found that, for the same absorbed power density in each 
case, the CW laser heats the material to a temperature of approximately 2.5 times higher than the 
pulsed laser. This is due to the fact that heat builds up in the sample between cycles until the 
sample reaches steady state. Now, the CW laser power is scaled down by a factor of 2.5 such that 
both of die laser sources produce equivalent surface heating. The scaled pulse shapes are then 
convolved with the impulse response of an aluminum semi-infinite half space (with the source 
and receiver slightly offset on die sample surface) to find the acoustic response of the sample. 
The resulting signals are shown in Figure 1 . As is evident in the pulsed laser case, the laser source 
produces a strong surface acoustic wave (SAW). For laser powers that produce equivalent surface 
heating, the SAW displacement amplitude is a factor of about 2.5 higher than that of CW 
generation, but the bandwidth of the CW signal can be substantially reduced through detection 
with an RF lock-in amplifier. Using a sufficiently long integration time the bandwidth can be 
reduced by sk orders of magnitude for the nanrowbaiDd case over (the broadband case 
resulting in a SNR increase of three orders of magnitude for ttbis particular exanapQe. SNR is 
an important issue in laser based systems, which have substantially lower sensitivity than 
conventional contact transducers [1], and this type of SNR increase could open up the possibility 
of using these non-contact systems for a much wider range of inspection applications. We note 
that the improved SNR is strongly dependent on the spot size and thermal conductivity of the 
specimen. For laser ultrasonic microscopy, though, small spot sizes are required to produce 
localized sources and to make measurements over short source to receiver distances. It is also 
noted that the above analysis assumes that a high power CW laser source, capable of operating 
just below the ablation threshold of the sample, is available. Using diffraction limited spot sizes 
in the 0.75-3.0 jim range, peak power densities in the 100's of MW/cm 2 can be achieved with CW 
lasers operating in the standard 1-10W range. 

One of the disadvantages of CW generation is that the signals can be difficult to interpret, 
especially when multiple acoustic arrivals are present. Two approaches are proposed to 
circumvent this difficulty. 

a) Time domain signals are reconstructed through the measured magnitude and phase over a 
large bandwidth. This is done using, for example, a vector network analyzer or lock-in 
amplifier and inverting the frequency domain data. The frequency domain data 
(magnitude and phase) are collected at each frequency and the frequency domain data 
converted to the time domain using an inverse Fourier Transform. This time domain data 
can then be time gated to extract die signal of interest. Note that in principle the 
frequency bandwidth is only limited by the maximum modulation frequency of the 
source. 

b) Next, pulse coding techniques such as using a linear FM or chirped generation pulse and 
pulse compression (matched filtering) can also be used to obtain high temporal 



The second reason for using CW generation, especially at high frequencies, is that it opens up the 
possibility of doing true acoustic spectroscopy. The first longitudinal thickness resonance in a 
Ijim thick aluminum film, for instance, is at around 3 GHz. By scanning the frequency and 
observing the amplitude and phase of the material response, estrenneOy precise sneasurennent of 
acoustic wave veBocoties are possible. 



resolution. 




A basic schematic of one possible mode of 
implementation of the invention is shown in 
Figure 2. The system has three optical paths that 
lead to the sample surface through the same 
microscope objective. The first path leads to a 
CCD camera and allows for high resolution 
optical imaging of the sample surface as well as 
sample alignment. In die second path, the 
detection laser light enters the microscope though 
a single mode optical fiber, is collimated, and 
directed to the sample surface. Upon reflection 
from die sample the light is returned to a 
stabilized Michel son interferometer where the 
acoustic signal of interest is detected. The 
generation laser is collimated, directed to a mirror 
on a gimbal mount, sent though a relay lens 
system, and directed to the specimen. The gimbal 
mount allows for precise control of the 
generation point within the field of view of the 
microscope. An electroabsoiption modulated 
DFB diode laser with a fiber amplifier is used for 
generation. Typical lasers can be modulated at 
frequencies exceeding 10 GHz. The output of the 
photodiode is sent to an RF lock-in amplifier for 
frequency domain measurements up to 200 MHz. 
For higher frequency measurements, the RF 
signal will be mixed down to the 0-200MHz 
frequency range using a phased locked oscillator and 
frequency range of interest. 
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Figure 2. Schematic of high frequency, CW source 
modulation, acoustic microscopy system. 



commercially available mixers covering the 



Additional claims: 

a) An array of laser sources can be used for phased array generation and detection of 
acoustic waves providing a boost in signal to noise ratio and providing beam steering 
capability. The individual sources can be phased relative to one another through 
providing phase delays to the amplitude modulators. 

b) The invention can be used for high frequency biological imaging. Using a source laser of 
1550nm, which is highly absorbed in water, acoustic waves can be launched into a liquid 
containing a biological media. 

c) Other techniques for amplitude modulation of the generation source including mach- 
zehnder or acousto-optic modulators may be used. 

1 C.B. Scruby and L.E. Drain, Laser Ultrasonics, Techniques and Applications, Adam Hilger, N.Y. (1990). 

7 S.J. Davies, C. Edwards, G.S. Taylor, and S.B. Palmer, "Laser-generated ultrasound: its properties, 
mechanisms, and multifarious applications, "J. Phys. D 26 329-348 (1993). 



f> 



3 J.P. Monchalin, C. Neron, J.F. Bussiere, P. Bouchard, C. Padioleau ,R. Heon, M. Choquet , J.D. Aussel, 
G. Durou, and G. Nilson, "Laser-ultrasonics: From the laboratory to the shop floor," Adv, Perform. Mater. 
5(1-2)7-23 
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